INTRODUCTION {#sec1-1}
============

Composite resins have revolutionized modern restorative dentistry mainly because of their esthetic quality and good physical properties. Since they were first developed, many efforts have been made to improve the clinical behavior of these restorative materials. The clinical performance of composite resins is directly related to the degree of monomer conversion after photopolymerization.\[[@ref1]\] There are many parameters that influence the degree of polymerization of composite resins such as their composition, shade and translucency, characteristics of the light-curing unit (LCU) used, rate of curing, distance between light-curing tip and restoration surface, duration of photopolymerization, and composite temperature.\[[@ref2][@ref3]\] Although various factors might influence the material behavior, composition, light cure unit, and rate of curing are the most important factors related to improvement in the mechanical properties of composite resins.\[[@ref4][@ref5]\]

Photopolymerization is of fundamental importance for optimization of the physical and mechanical properties and clinical results of composite material. Inadequate polymerization results in decrease in hardness, bond strength between tooth and the restoration, potential, pulpal damage, greater cytotoxicity, and increase in water sorption and solubility.\[[@ref1][@ref3]\] Dentists have a choice of various types of curing lights such as conventional quartz-tungsten-halogen (QTH), light-emitting diode (LED), plasma arc, or laser-curing lights. These lights have different characteristics and claimed advantages, but the most favorable irradiation for photocuring-resin composite restorations has not yet been determined. QTH is the most traditional and most commonly used curing unit. It produces light by incandescence. Filters are needed to restrict the emitted light to the blue region of the spectrum for the polymerization and to reduce the heat energy transferred to the oral structure. With the objective of overcoming limitations inherent to halogen lamps, LED-curing units were introduced. LEDs use a combination of two different doped semiconductors, instead of hot filament. The advantages of the LEDs are they produce less heat; therefore, no cooling fan is required. They are small in size and cordless. Moreover, LEDs can operate for thousands of hours with a constant light output in power and spectrum.\[[@ref5]\]

The polymerization of composite resins occurs in two phases: pregel phase and postgel phase. During the pregel phase, the organic matrix can flow and undergo molecular rearrangement, compensating the shrinkage forces. During this phase, there is a predominance of linear polymer chains, following which the resin reaches a viscous state, establishing its gel point. The period after the gel point where the resin loses its flowing ability is referred to as the postgel phase. During this phase, the polymerization shrinkage stress is transferred to the tooth restoration interface. To minimize polymerization shrinkage of composite without affecting the degree of conversion, various polymerization modes have been formulated such a soft start, pulse delay, pulse cure, and ramp mode. In soft start mode, curing begins initially at low-light intensity followed by full-light intensity to permit greater flow and stress relief in the composite.\[[@ref6][@ref7]\]

During the last decades of composite development, the main advancements were done in the filler system. Only few efforts were made to design new matrix systems. Therefore, the majority of composites rest on the 50 years old Bis-GMA-cross linker matrix. Bis-GMA is a very rigid crosslinker with very high viscosity. Addition of diluents such as TEGDMA and lowering the Bis-GMA part leads to higher shrinkage and shrinkage stresses in the composite. To overcome the shrinkage issue, a complete new crosslinker technology tricyclodecane (TCD) was developed. Several studies have compared the efficacy of QTH LCU with LED LCU using nanohybrid composite resins. However, the curing efficacy of these recently developed nanohybrid, with novel monomer has not been studied extensively with different curing modes. Hence, this study was undertaken to compare the efficacy of polymerization of nanohybrid composite resins cured with QTH, and LED LCUs by different curing modes.

METHODOLOGY {#sec1-2}
===========

Two nanohybrid-resin composites used for the present study IPS Empress Direct (Ivoclar Vivadent) and Charisma Diamond (Heraeus Kulzer). These resin composites were cured with LED- and QTH-curing units by continuous and soft-start mode. The LED light cure unit used in the study was Bluephase *N* (Ivoclar Vivadent) which is cordless unit with a light output of 1,200 mW/cm^2^ and features Polywave Technology. The QTH light cure unit used was Spectrum^®^ 800 (Dentsply) variable intensity-curing light with intensity from 300 mW/cm^2^ up to 800 mW/cm^2^. Two different light-curing modes were used for each material: continuous 30 s: 600 mW/cm^2^ for 30 s; soft-start 30 s: 0--600 mW/cm^2^ for 5 s + 1200 mW/cm^2^ for 25 s.

Based on the composite resin, curing light, and method of polymerization used, 80 samples were prepared and divided into 8 groups (10 samples per each group *n* = 10):

Group 1: IPS empress direct nanohybrid composite cured with QTH-curing light in soft-start modeGroup 2: IPS empress direct nanohybrid composite cured with QTH-curing light in continuous modeGroup 3: IPS empress direct nanohybrid composite cured with LED-curing light in soft-start modeGroup 4: IPS empress direct nanohybrid composite cured with LED-curing light in continuous modeGroup 5: Charisma diamond nanohybrid composite cured with QTH-curing light in soft-start modeGroup 6: Charisma diamond nanohybrid composite cured with QTH-curing light in continuous modeGroup 7: Charisma diamond nanohybrid composite cured with LED-curing light in continuous modeGroup 8: Charisma diamond nanohybrid composite cured with LED-curing light in soft-start mode.

Preparation of samples {#sec2-1}
----------------------

Samples were prepared using stainless steel mold with diameter 7 mm and height 2 mm. The molds were placed on a dark opaque paper background covered with a polyester matrix strip and filled with composite. This arrangement minimized the possibility of obtaining artificially higher hardness due to reflection of light. The polyester matrix strip was placed on the top of the filled mold and glass slide was pressed against the film to extrude the excess of material and form a flat surface. The tip of the light guide was placed against the surface of the matrix strip and positioned concentrically with the mold, and the material was then light-cured from the top.

After polymerization, the samples were stored for 48 h in complete darkness at 37°C and 100% humidity. The Vickers hardness (VK) of the surface was determined with a microhardness tester using a Vickers diamond indenter with 200 g load applied for 15 s \[Figures [1](#F1){ref-type="fig"}-[4](#F4){ref-type="fig"}\]. Three VK readings were recorded for each sample surface both on top and bottom surfaces. Hardness measurements were not taken at more than 4 mm from the specimen center to avoid any possible effect of the mold on polymerization. For all the specimen, the three hardness values for each surface were averaged and reported as a single value. The mean VK and hardness ratio of the specimens were calculated and tabulated using the formula:

![Vickers indentation of specimen cured with light-emitting diode soft start mode](JCD-21-68-g001){#F1}

![Vickers indentation of specimen cured with light-emitting diode continuous mode](JCD-21-68-g002){#F2}

![Vickers indentation of specimen cured with quartz-tungsten halogen soft-start mode](JCD-21-68-g003){#F3}

![Vickers indentation of specimen cured with quartz-tungsten halogen continuous mode](JCD-21-68-g004){#F4}

Hardness ratio = VK of bottom surface/VK of top surface.

The depth of cure was assessed based on the hardness ratio. If bottom: top hardness ratios (B/T ratios) value exceeded 0.8, specimens were considered as adequately polymerized. Comparison of mean hardness values was done using ANOVA with *post hoc* Tukey\'s test.

Statistical analysis {#sec2-2}
--------------------

All the analysis was done using SPSS version 16 (SPSS Inc. Version 16, Chicago, USA). *P* \< 0.05 was considered statistically significant. Comparison of mean values was done using ANOVA with *post hoc* Tukey\'s test \[Tables [1](#T1){ref-type="table"}, [2](#T2){ref-type="table"} and [Chart 1](#F5){ref-type="fig"}\].

###### 

Intergroup comparison of Vickers hardness numbers
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Intergroup comparision of Vickers hardness ratios
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![Vickers hardness ratios](JCD-21-68-g007){#F5}

DISCUSSION {#sec1-4}
==========

Adequate polymerization is a crucial factor in obtaining optimal physical properties of composite materials and is related to better clinical performance.\[[@ref8][@ref9]\] Although high degree of cure is desirable, it inherently results in shrinkage which is inevitable. The postgel shrinkage results in significant stresses in the surrounding tooth structure and composite tooth bond.\[[@ref10]\] These stresses may produce defects in the composite-tooth bond, leading to bond failure, microleakage, postoperative sensitivity, recurrent caries, decreased mechanical properties, and tooth fracture.

With the recent advances in material aspect of the composite resin and curing technologies, the problem of polymerization shrinkage without altering the degree of cure has been proposed. Two general approaches have been followed to overcome the problem of stress concentration and polymerization shrinkage with light-activated resins (1) reduction in volume contraction by altering the chemistry and/or composition of the resin systems and (2) clinical techniques designed to offset the effect of polymerization shrinkage. Intensive research and development efforts are currently in progress to develop resins with low shrinkage and low thermal expansion. With the advancement in the filler technology, composite with reduced shrinkage and thermal expansion were developed. The development in the matrix chemistry led to the invention of new monomers with high degree of conversion, low-shrinkage properties, and enhanced mechanical behavior.

The present study compared the curing efficacy of QTH- and LED-curing units. The QTH-curing unit used in the present study was Spectrum® 800. It is a variable intensity-curing unit by which intensity can be adjusted from 300 mW/cm^2^ up to 800 mW/cm^2^ in increments of 50 mW/cm^2^. This curing unit has high light output power (up to 800 mW/cm^2^) and Built-in Radiometer. Bluephase N, is cordless LEDlight curing unit with intensity 1,200 mW/cm^2^ and features Polywave Technology. Polywave technology features a second spectral peak at approximately 410 nm in addition to the peak at approximately 470 nm. The Bluephase *N* offers 3 programs, high power (1,200 mW/cm^2^), low power (800 mW/cm^2^), and soft start where the curing begins at low intensity of 600 mW/cm^2^ and finishes with high intensity of 1200 mW/cm^2^.

Several direct and indirect methods can be used to evaluate the degree of polymerization of resin composites. As the direct methods such as infrared spectroscopy and laser Raman spectroscopy are complex and expensive, the indirect methods such as visual, scrape, and hardness testing are more frequently assessed. Furthermore, many studies have found that hardness values show a positive correlation with degree of conversion.\[[@ref1][@ref4]\] Knoops and VK tests have been widely used to assess the depth of cure of composite resins.\[[@ref11][@ref12]\] Advantages of the surface hardness tests is that surface hardness is a good predictor for resin conversion as it is especially sensitive to small changes in polymer cross-linking in areas of high conversion.\[[@ref13][@ref14]\] Surface hardness tests furthermore allow for measurements at specific locations within the sample while its simplicity allows the evaluation of large number of specimens.

The depth of cure defined as the level at which hardness value is equivalent to at least 90% of the hardness as the top of the composite. Depth of cure for light-activated composites resins has often been evaluated indirectly by the measurement of the hardness of the material at specific.\[[@ref15][@ref16][@ref17]\] Hence, in the present study bottom: top hardness ratios (B/T ratios) was used to obtain a percentage depth of cure, and if that value exceeded 80%, specimens were considered to be adequately polymerized. Furthermore, a B/T ratio of 80% corresponds to 90% of the maximum conversion possible at the top surface of a composite.\[[@ref17][@ref18]\] The VK method is therefore used to evaluate the depth of cure of composites.

The percentage depth of cure calculated as such, however, can easily be misinterpreted as a specimen could have been cured poorly throughout, and still provided a ratio that exceeds 80%.\[[@ref17]\] Bouschlicher and Rueggeberg suggest that this problem can be overcome by normalizing the maximum hardness at the sample\'s top surface. This can be achieved by allowing top surface conversion to go on beyond the exposure time recommended by the manufacturer. If this is done, B/T hardness ratios can be used to compare the relative extent of cure of different composites with different curing strategies.\[[@ref15]\] As the previous study, Bouschlicher and Rueggeberg, Leung *et al*., and Price *et al*. suggested that with the modern high-intensity LCUs, exposure time of 20s/2 mm increment can be sufficient to obtain a high degree of conversion.\[[@ref15][@ref16][@ref17]\] Hence, in the present study, an exposure time of 30 s was used to cure the increments of 2 mm depth to achieve maximum hardness at the top surface, thus enabling to compare the relative extent of cure of two different composites used in the study.

The VHNs achieved in the present study at the top surface of composite specimens were higher compared to the bottom surface in all experimental groups. In addition to this present study, all the experimental groups met with the ISO requirement of ≥80% bottom/top microhardness percentage at 2 mm depth irrespective of the curing light used and mode of the curing. The results in the present study show that higher hardness values with the LED-curing unit when compared with QTH on both the upper and lower surfaces. In addition, the depth of cure with LED-curing unit was significantly higher than QTH regardless of the composite resin used. The results of the present study are in accordance with several other previous studies. Yaman *et al*. concluded that LED LCUs are found to be more successful than the halogen units with respect to both curing depth and microhardness properties.\[[@ref18]\] Albino *et al*. have concluded that there is significant increase in microhardness of nanocomposite cured with LED compared with QTH.\[[@ref19]\] Sharma *et al*. concluded that LEDs cause greater degree of conversion than QTH and there was a significant increase in depth of cure for nanocomposite.\[[@ref20]\] However, there are few studies contradicting to the results of the present study due to the difference in the study design which may be due difference in intensity of the curing units, energy density, nature of wavelength spectrum, spectral distribution, and photoinitiators used in the composite resin.

Another approach that is used to offset photo polymerization stress build up is by providing an initial low rate of polymerization, thereby extending the time available for stress relaxation before reaching the gel point. This can be accomplished using a soft-start technique, where by curing begins at low-light intensity and finishes with high intensity. This approach allows for a slow initial rate of polymerization and a high initial level of stress relaxation during the early stages, and it ends at the maximum intensity once the gel point has been reached. This drives the curing reaction to the highest possible conversion only after much of the stress has been relieved. A number of studies have shown that varying levels of stress reduction in tooth cavity walls can be achieved with soft-start technique without increasing total exposure time or sacrificing either degree of conversion or depth of cure.\[[@ref21][@ref22]\] The results in the present study showed that greater hardness was achieved with the soft-start mode when compared with the continuous mode with both the LED and QTH LCUs. There was a statistically significant difference in the hardness both in the upper and lower surface of the samples cured with the soft-start mode. Maximum surface hardness of both the upper and lower surfaces was shown by LED light cure unit when operated in soft-start mode. In addition, the depth of cure was statistically more with the LED LCU with soft-start mode when compared with all other groups. The results of the present study are in accordance with several other previous studies. In a study, Ilie *et al*. concluded that soft-start polymerization concept is still valid for less deep cavities (2 mm), even by curing with high-power LED-curing units.\[[@ref23]\] In a study, Soh *et al*. concluded that soft-start polymerization was as good as or better than those obtained using conventional continuous curing method.\[[@ref21]\] Price *et al*. concluded that in soft-start mode decreasing the stress which occurs during polymerization and maintains optimal mechanical properties.\[[@ref24]\]

It was previously thought that filler content is mainly responsible for mechanical properties of composite resins. However, the matrix components will also influence the overall mechanical performance of composites.\[[@ref9]\] As the composites that were evaluated in the present study showed similarity in the composition of filler components, the influence of matrix on the overall mechanical properties of composites was evaluated. The monomer in charisma diamond is TCD and in IPS empress direct is conventional Bis-GMA.

The results in present study showed that charisma diamond had significantly higher surface hardness values when compared with IPS empress direct. TCD monomer reduces this vibration of monomers and minimizes the distance between themselves and results in reduced polymerization shrinkage. These novel monomers such as TCD are very reactive crosslinkers when compared with Bis-GMA monomer. Hence, it would have produced a higher degree of conversion compared with conventional Bis-GMA-based composites resulting in better mechanical strength. Because of this elastic behavior shrinkage, stress during light curing is reduced and binding areas in all planes which would have promoted the formation of a 3D-network and contributed to mechanical strength. Frauscher *et al*. concluded that novel monomer-like TCD showed higher degree of conversion and better mechanical properties such as surface hardness when compared with conventional Bis-GMA and TEGDMA monomers.\[[@ref9]\] These results are in accordance with our present study. Ilie *et al*. concluded that even after the artificial aging TCD showed high VK values and better resistance to hydrolytic degradation when compared with conventional Bis-GMA monomer.\[[@ref25][@ref26]\]

However, the susceptibility to variation in irradiance proved to be material dependent and thus properties measured under clinically simulated curing conditions might vary to a different extend from those measured under ideal curing conditions.

CONCLUSION {#sec1-5}
==========

Within the limitations of the present study, it can be concluded that LED-curing unit has performed better when compared with QTH unit. Irrespective of the curing light used soft-start mode has resulted in better depth of cure and surface hardness. TCD monomer showed better surface hardness when compared conventional Bis-GMA monomer. However, more emphasis has to be done on behavior of this novel monomer with different curing lights and curing modes to validate results in the present study.
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